Multiple nerve excitability measurements have been proposed for clinical testing of nerve function, since excitability measures can provide evidence of altered axonal membrane properties and are complementary to conventional nerve conduction studies. An important determinant of excitability is membrane potential, and this study was undertaken to determine the changes in a range of excitability properties associated with alterations in membrane potential. Membrane potential was varied directly using DC polarizing currents and indirectly by ischaemia. The median nerve was stimulated at the wrist and the resultant compound muscle action potentials recorded from abductor pollicis brevis. Stimulus-response behaviour, strength-duration time constant (τ SD ), threshold electrotonus to 100-ms polarizing currents, a current-threshold relationship and the recovery of excitability following supramaximal activation were each Keywords: excitability; membrane polarization; ischaemia Abbreviations: CMAP ϭ compound muscle action potential; I/V ϭ current/threshold relationship; RRP ϭ relative refractory period; τ SD ϭ strength-duration time constant
Introduction
New techniques designed to study nerve excitability in vivo can provide an indirect measure of axonal membrane ion channel function (Bostock et al., 1998) . As these channels are voltage dependent, their function is related to the resting membrane potential of the axon, and to changes in membrane potential induced by applied currents or following an action potential. Recently, a convenient new method for measuring multiple parameters of nerve excitability was described (Kiernan et al., 2000) . The method has now been incorporated into the diagnostic assessment of patients with peripheral nerve disease. This protocol measures stimulus-response behaviour, strength-duration time constant (τ SD ), threshold electrotonus to 100-ms polarizing currents, a currentthreshold relationship and the recovery of excitability © Oxford University Press 2000 followed in four normal subjects during the two manoeuvres, using a recently described protocol. Membrane depolarization and ischaemia produced an increase in axonal excitability, an increase in the slope of the current-threshold relationship, a 'fanning in' of responses during threshold electrotonus, a decrease in super-excitability, and increases in both τ SD and the refractory period. Changes in the opposite direction occurred with membrane hyperpolarization and during the post-ischaemic period. One excitability parameter differentiated between the direct and indirect changes in membrane potential: late subexcitability was sensitive to polarizing currents but relatively insensitive to ischaemia, probably because of compensatory changes in extracellular potassium ions. These results should enable multiple excitability measurements to be used as a tool to identify changes in axonal membrane potential in neuropathy.
following supramaximal activation. These excitability properties depend on membrane potential and on the function of different ion channels, but the relative sensitivity of the different excitability parameters in motor axons to membrane potential is not known, since they are not normally measured at the same time.
The present study was undertaken primarily to aid the interpretation of changes in excitability properties encountered clinically, by defining what changes could be explained by a change in membrane potential alone, and distinguishing these from changes due to altered ion channel function or altered ionic gradients. Changes in membrane potential have therefore been induced by passing small DC currents through the stimulating electrodes. A new equilibrium potential is quickly reached, allowing the excitability protocol to be re-run at a different membrane potential with minimal disturbance to ion channel function and ionic gradients. For comparison with these 'pure' changes in membrane potential, we have also measured excitability properties during depolarization by ischaemia and during post-ischaemic hyperpolarization. Previous studies have shown that during brief periods of ischaemia axonal excitability increases due to membrane depolarization, caused by inhibition of the electrogenic sodium pump and extracellular K ϩ accumulation, whereas following ischaemia there is a period of reduced excitability, due to membrane hyperpolarization caused by hyperactivity of the electrogenic sodium pump (Bergmans, 1970; Bostock et al., 1991a Bostock et al., , 1994 Mogyoros et al., 1997; Grosskreutz et al., 1999) . The more complex changes in excitability that follow prolonged periods of ischaemia, and often result in ectopic discharges, have been avoided in this study, although we may note that these changes are also primarily caused by changes in sodium pump activity and the gradients of Na ϩ and K ϩ ions (Bostock et al., 1991b) . The results of this study clearly define the relative sensitivity of different excitability parameters to changes in membrane potential, and also show that the changes in excitability during and after ischaemia can be distinguished from those due to changes in membrane potential alone.
Methods
Two separate sets of recordings were made, each on four healthy volunteers of both sexes (aged 24-54 years). All subjects gave informed consent and the study was approved by the Joint Research Ethics Committee of the National Hospital for Neurology and Neurosurgery, and the Institute of Neurology, London.
Studies were performed using a recently described protocol designed to measure a number of different nerve excitability parameters rapidly (Kiernan et al., 2000) . Compound muscle action potentials (CMAPs) were recorded from thenar muscles using surface electrodes over abductor pollicis brevis, with the active electrode at the motor point and the reference on the proximal phalanx. The EMG signal was amplified (gain 1000, bandwidth 1.6-2 kHz) and digitized by computer (486 PC) with an analogue/digital board (DT2812, Data Translation Inc., Marlboro, Mass., USA.), using a sampling rate of 10 kHz. Stimulus waveforms generated by the computer were converted to current with a purpose-built isolated linear bipolar constant current stimulator (maximum output Ϯ50 mA). The stimulus currents were applied via non-polarizable electrodes (Red Dot, 3M Health Care, D-46325 Borken, Germany), with the active electrode over the median nerve at the wrist and the reference electrodẽ 10 cm proximal over muscle. Stimulation and recording were controlled by new software, written in BASIC (QTRAC version 5.2, copyright Institute of Neurology, London, with multiple excitability protocol TRONDXM). Test current pulses of 0.2 or 1 ms were applied at 0.8 s intervals, and combined with suprathreshold conditioning stimuli or subthreshold polarizing currents as required. The amplitude of the CMAP was measured from baseline to negative peak. For all tracking studies, the target CMAP was set to 40% of maximum. Skin temperature was monitored close to the stimulation site and maintained Ͼ32°C, by wrapping the arm in a blanket if necessary.
Stimulus-response curves were recorded separately for test stimuli of durations 0.2 and 1 ms (Fig. 1A) . The stimuli were increased in 6% steps, with two responses averaged for each step, until three averages were considered maximal. The stimulus-response data were used for several purposes. First, the 1-ms peak response was used to set the target submaximal response (40% of peak) for threshold tracking. Secondly, the slope of the 1-ms stimulus-response curve was used in conjunction with the tracking error (deviation from the target) to optimize the subsequent threshold tracking.
Finally, the ratio between the 0.2 and 1 ms stimuli required to evoke the same response was used to estimate rheobase and the strength-duration time constants of axons of different threshold (Fig. 1D) .
Prolonged subthreshold currents were used to alter the potential difference across the internodal as well as nodal axonal membrane. The changes in threshold associated with these electrotonic changes in membrane potential normally have a similar time course and are known as threshold electrotonus (Bostock et al., 1998) . In the present protocol, test stimuli of 1 ms duration were used to produce the target CMAP (40% of maximal). Threshold tracking was used to record the changes in threshold induced by 100-ms polarizing currents, set to 40% (depolarizing) and -40% (hyperpolarizing) of the control threshold current. The three stimulus combinations were tested in turn: test stimulus alone (to measure the control threshold current), test stimulus ϩ depolarizing conditioning current, and test stimulus ϩ hyperpolarizing conditioning current. Threshold was tested at 26 time points (maximum separation of 10 ms) before, during and after the 100-ms conditioning currents (Fig. 1E ). Each stimulus combination was repeated until three valid threshold estimates were recorded, as judged by the response being within 15% of the target response, or alternate responses being either side of the target.
The current/threshold relationship (I/V) ( Fig. 1C ) was tested with 1 ms pulses at the end of 200-ms polarizing currents, which were altered in a ramp fashion from ϩ50% (depolarizing) to -100% (hyperpolarizing) of the control threshold in 10% steps. As with the conventional threshold electrotonus protocol, stimuli with conditioning currents were alternated with test stimuli alone, and each stimulus combination was repeated until three valid threshold estimates were obtained.
The final part of the protocol recorded the recovery of excitability following a supramaximal conditioning stimulus (Fig. 1F ). These changes were recorded at 18 conditioningtest intervals, decreasing from 200 to 2 ms in approximately geometric progression. Three stimulus combinations were tested in turn: (i) unconditioned test stimulus (1 ms duration) tracking the control threshold; (ii) supramaximal conditioning stimulus (1 ms duration) alone; and (iii) conditioning ϩ test stimuli. The response to (ii) was subtracted on-line from the response to (iii) before the test CMAP was measured, so that the conditioning maximal CMAP did not contaminate the measured response when the conditioning test interval was short. Each stimulus combination was repeated until four valid threshold estimates were obtained. From the recovery cycle three parameters were measured: (i) the relative refractory period (RRP), defined as the interstimulus interval at which threshold recovered to its control value (or, in the absence of superexcitability, the first threshold minimum); (ii) superexcitability measured as the greatest percentage reduction in threshold (mean of three adjacent values); and (iii) late subexcitability, measured as the greatest percentage increase in threshold following the superexcitable period (mean of three adjacent values).
The first series of studies investigated the effect of DC polarizing currents on nerve excitability. Graded depolarizing and hyperpolarizing currents were applied to the stimulating electrodes overlying the median nerve at the wrist, and added to the conditioning and test stimuli. Eleven recordings were made from each subject, with polarizing current amplitudes set consecutively to 0, 0.25, -0.25, 0.5, -0.5, 0.75, -0.75, 1.0, -1.0, 1.25, -1.25 mA. Excitability parameters were linearly related to current, except for the strongest currents (Ϯ1.25 mA), when thresholds in some cases became too high to complete the excitability tests. The data presented are therefore restricted to the first nine recordings in each subject. In a second series of studies, changes in axonal excitability were recorded during ischaemia and following its release. Ischaemia was induced by inflating a sphygmomanometer cuff around the upper arm to Ͼ200 mmHg, well above the systolic blood pressure in all subjects, and maintained at that level for 25 min. The excitability protocol was performed prior to ischaemia, following 5 and 15 min ischaemia and then repeated in the post-ischaemic period at both 5 and 20 min following release of the cuff. Some conduction block may have occurred by the end of the second ischaemic recording (i.e. after~25 min of ischaemia), since there was a small decline (4-14%, mean 8.5%) in the amplitude of the response to supramaximal stimuli. Because of the steepness of the stimulus-response relationship, threshold measurements should have been affected less than the supramaximal responses, and no corrections for conduction block were made.
Results
The full sequence of excitability measurements, as described in Methods, was recorded as a baseline in each subject. Mean data for all subjects are illustrated in Fig. 1 , plotted in a standard format, and superimposed on the means and 95% confidence limits obtained previously for normal subjects (Kiernan et al., 2000) . All participants in the present study were found to be within normal limits for each of the individual excitability measures. The principle effects of altering membrane potential directly, by means of DC polarizing currents, and indirectly by ischaemia, are first illustrated separately (Figs 2 and 3), before the effects of both manoeuvres on different excitability parameters are compared with each other and with the normal inter-subject variability (Figs 4 and 5). The effects of small currents (up to Ϯ0.5 mA) on 14 excitability parameters are summarized in Table 1 . For weak currents the excitability changes are approximately linear, and a linear correlation analysis allows comparison of the sensitivity of different parameters to polarization in terms of the fractional change per milliampere polarizing current, i.e. the normalized slope of the regression line.
Polarizing current and nerve excitability parameters
The most conspicuous effects of DC polarizing currents on nerve excitability are shown for a single subject in Fig. 2 . Progressive depolarizing currents increased the excitability of the axonal membrane, reducing the stimulus current required to evoke a particular response, whereas hyperpolarization reduced excitability. Depolarization In the equation y ϭ a ϩ bx (where x is the polarizing current in milliamperes), the intercept (a) gives the estimated rest value of the parameter, while the slope (b) gives the estimated slope in the parameter per unit polarization. The normalized slope (b/a) provides a measure of the sensitivity of the parameter to membrane polarization. Each correlation coefficient was estimated from four values for each of the four subjects, and P represents the probability of this occurring by chance alone. SDTC ϭ strength-duration time constant; I/V ϭ current/threshold; TEh ϭ late hyperpolarizing threshold electrotonus; TEd ϭ depolarizing threshold electrotonus.
therefore resulted in a shift to the left of the stimulusresponse curve, and hyperpolarization a shift to the right, as indicated by the D and H arrowheads in Fig. 2A . There was also a slight change in the slope of the relationship (see also Fig. 4B ), presumably because the axons most accessible to applied currents, and therefore with the lowest threshold to , H ϭ hyperpolarizing current (1 mA), I ϭ ischaemia (5 min) and PI ϭ post-ischaemia (5 min). The ellipses represent 95% confidence limits for a normal subject at rest (data reproduced from Kiernan et al., 2000) .
the 1-ms test stimuli, were also the axons most affected by the DC polarizing currents. The current-threshold relationship reflects the rectifying properties of the axon, both nodal and internodal (Baker et al., 1987) . At rest the steepening of the curve towards the top right results from outward rectification associated with activation of K ϩ channels (Fig. 1C) . In contrast, the steepening of the curve toward the bottom left represents accommodation to the hyperpolarizing current due to inward rectification by the hyperpolarization-activated conductance, I H (Pape, 1996) . With progressive increase in the intensity of the superimposed DC hyperpolarizing current, this steepening became more prominent, indicating increased activation of I H (Fig. 2B) . Conversely, with depolarization, inward rectification was reduced and outward rectification increased. Figure 2C shows that threshold electrotonus waveforms are particularly sensitive to changes in membrane potential, as has been demonstrated previously (Baker and Bostock, 1989; Bostock et al., 1998) . Hyperpolarization reduces the conductance of the internodal membrane, so that the slow changes in internodal membrane potential during the prolonged currents are increased, and the electrotonus waveforms 'fan out'. Conversely, a DC depolarizing current activates internodal K ϩ channels so that the conductance is increased and electrotonus becomes flatter. With strong depolarization, the threshold electrotonus responses to hyperpolarization almost mirror those of depolarization: the 'fanning in' indicates accommodation, due to changes in activation of nodal slow K ϩ channels and in inactivation of sodium channels. In depolarized rat nerves, threshold electrotonus waveforms can be reduced to brief symmetrical spikes as excitability becomes dominated by sodium channel inactivation (Baker and Bostock, 1989; Bostock, 1995) .
The recovery cycle of excitability records the changes in excitability following a single supramaximal conditioning stimulus (Gilliatt and Willison, 1963; Eisen et al., 1982; Kiernan et al., 1996) (Fig. 1F) . The effects of polarization on the recovery cycle were dramatic (Fig. 2D) . The refractory period, determined by inactivation of Na ϩ channels, was increased by depolarization and reduced by hyperpolarization. During the next phase of the recovery cycle, axons enter a superexcitable period produced by the depolarizing afterpotential. This is voltage dependent because it depends on spread of depolarization to the internodal axolemma (Barrett and Barrett, 1982) , which is limited by internodal K ϩ channels, especially fast K ϩ channels in the paranodal region (Bostock et al., 1981; Waxman and Ritchie, 1993) . Following the superexcitable period, the final phase of the recovery cycle is the late subexcitable period, due to activation of nodal voltage-dependent slow K ϩ channels (Baker et al., 1987; Stys and Waxman, 1994; Bostock, 1995; Kiernan et al., 1996) . Hyperpolarization resulted in a reduction in the late subexcitable period, as the electrochemical gradient for K ϩ ions was reduced. It is important to note that although refractory period, superexcitability and late subexcitability depend on Na ϩ channel inactivation, depolarizing afterpotential and slow K ϩ channel activation, respectively, there is considerable overlap and interaction between these factors (see Discussion).
Comparison of the effects of small polarizing currents on different excitability parameters in Table 1 indicates that the most sensitive parameter is superexcitability, in that it is reduced by 82% per milliampere of polarizing current. However, because of its greater variability, superexcitability does not provide as reliable an index of membrane potential changes as the threshold electrotonus parameter TEd (90-100 ms), the threshold change after 90-100 ms of a standard depolarizing current (see Discussion).
Comparison with ischaemia and release from ischaemia
A comparable series of recordings made before (C), during (I1, I2) and after (PI) ischaemia is illustrated for a single subject (Fig. 3) . It can be seen that ischaemia too produced marked changes in measures of axonal excitability, and that the changes during ischaemia were consistent with axonal depolarization: (i) the stimulus-response curve shifted to the left (Fig. 3A); (ii) the current-threshold relationship became steeper (Fig. 3B) ; (iii) there was a fanning inwards of threshold electrotonus curves (Fig. 3C) ; and (iv) refractoriness increased at the expense of superexcitability (Fig. 3D) . However, while there was a leftward shift in the late subexcitable period, its amplitude was decreased in this subject in contrast to the increase seen with depolarization (Fig. 2D) . During the post-ischaemic period, the trends in excitability reversed and the axon behaved as though hyperpolarized, although again the late subexcitable period behaved differently.
The magnitude and direction of the effects of polarizing currents and ischaemia on six pairs of excitability parameters are compared in Fig. 4 with the 95% confidence limits for these parameters in normal subjects from a previous study (see Fig. 4 in Kiernan et al., 2000) . For simplicity, the data points plotted are restricted to the mean values for both control groups, and for the effects of 1-mA depolarizing (D) and hyperpolarizing (H) currents, and for recordings started 5 min after applying a pressure cuff (I) and 5 min after its release (PI). The recordings started 15 min after the start of ischaemia were less suitable for representing on these plots, since some recovery cycle parameters became unmeasurable, while the recordings started 20 min after the release of ischaemia were qualitatively similar to the control values.
In Fig. 4A , the values for τ SD correspond to those for a CMAP 40% of maximal (i.e. the normal target response). The corresponding rheobase was also calculated from the stimulus-response data using Weiss's law , and was plotted on a logarithmic scale. It can be seen that depolarization and ischaemia produce an increase in τ SD , while hyperpolarization and post-ischaemia produce a corresponding reduction, in agreement with the proposal that τ SD is determined by the activation of persistent Na ϩ channels, as well as by the passive membrane time constant (Bostock and Rothwell, 1997) . However, since all shifts in τ SD and rheobase remained within the range established for normal controls, these parameters cannot be regarded as particularly sensitive to membrane potential. The relative sensitivities of τ SD to polarization and ischaemia are shown in more detail in Fig. 5D . Only the reduction in τ SD following ischaemia reached statistical significance with four subjects. However, the more sensitive correlation analysis in Table 1 indicates significant effects of weak polarizing current on τ SD as well as rheobase.
In Fig. 4B , the peak CMAP values (corresponding to twice the 50% CMAP data in Figs 2A and 3A) are, as expected, unchanged by axonal polarization or ischaemia. However, the normalized stimulus-response slopes (derived from data in Fig. 1B as described in Methods) show systematic changes with polarization but not with ischaemia. Depolarization reduced and hyperpolarization increased the slope of the stimulus-response curves. This is understandable on the assumption that the motor axons all have similar properties, and the differences in threshold reflect different ease of access of the applied currents rather than (or in addition to) differences in fibre diameter: low threshold axons will therefore be depolarized more by the depolarizing current than high threshold axons, increasing the range of thresholds, while the converse occurs with hyperpolarizing currents.
The relationship between the minimal and resting currentthreshold slopes is similar for both membrane polarization and ischaemia (Fig. 4C) . The resting slope, which is closely related to the input conductance of the axons, is very sensitive to changes in membrane potential, whether caused directly by polarizing currents or indirectly by ischaemia, since the main conductances responsible for the resting potential are voltage-dependent potassium channels (Grafe et al., 1994) . Either 5 min of ischaemia or 1 mA of depolarizing current is sufficient to approximately double the current-threshold slope, taking it well outside the range of normal values. The minimum current-threshold slope occurs on moderate hyperpolarization, when the voltage-dependent K ϩ channels open at rest are largely deactivated and the hyperpolarizationactivated I H channels are only partially activated. This minimum slope, corresponding to the minimum membrane conductance, was less affected by changes in membrane potential, at least those caused by small polarizing currents (see Table 1 ), since the primary effect of polarization on the I/V relationship is to displace the origin along the current axis.
Earlier studies demonstrated the inverse relationship of the RRP with change in temperature (Kiernan et al., 2000) . Over a constant temperature, the voltage dependence of this relationship can also be demonstrated (Fig. 4D) . RRP was derived from the recovery cycle data as the first intercept between the recovery curves and the x-axis. Membrane depolarization produced a substantial prolongation of the RRP, as did ischaemia, and these changes were highly significant with only four subjects (Fig. 5A) . At least two factors contribute to the prolonged RRP: the increase in steady-state level of Na 2ϩ channel inactivation with membrane depolarization, and the reduction in depolarizing after-potential and superexcitability. Figure 4D also indicates that 5 min of ischaemia produces a greater increase in RRP than 1 mA of depolarizing current, although these treatments have similar effects on the I/V curves and threshold electrotonus. This observation is in agreement with the conclusion of Grosskreutz and colleagues that ischaemia has a greater effect on refractoriness in human cutaneous afferents than can be explained simply by the change in membrane potential (Grosskreutz et al., 2000) . Accumulation of some metabolite, such as H ϩ ions could be responsible, and the persistence of this metabolite during the post-ischaemic period could account for the lack of a significant reduction in RRP (Fig. 5A) , despite other evidence of membrane hyperpolarization.
In studies on patients using threshold electrotonus, the early depolarizing response (TEd averaged between 10 and 20 ms after the start of a 40% depolarizing current) and the late hyperpolarizing response (TEh from 90 to 100 ms after the start of a 40% hyperpolarizing current) have been found to be altered in disease Horn et al., 1996) . These two parameters are plotted in Fig. 4E . They are well correlated across normal subjects, as indicated by the eccentricity of the ellipse, and our new data suggest that much of this co-variation may be related to differences in resting membrane potential. Both the directly and indirectly induced changes in membrane potential in the four subjects caused marked changes in these electrotonus parameters in the direction of the long axis of the ellipse. The changes with membrane polarization and during ischaemia were statistically significant with only four subjects ( Fig. 5E and  F) . It is important to add that, although these two electrotonus parameters vary similarly with membrane potential, they may be altered differentially by disease, presumably because they depend on different ion channels (Horn et al., 1996) .
Superexcitability is plotted against late subexcitability in Fig. 4F , and the statistical significance of these changes is indicated in Fig. 5B and C. These figures show that there are differential effects of membrane polarization and ischaemia on the late subexcitable period. Whereas both depolarization and ischaemia abolish superexcitability, the late subexcitability is increased by depolarizing currents but on average unchanged by ischaemia. Possible reasons for this striking discrepancy, which contrasts with the broadly similar effects of depolarization and ischaemia on the other excitability parameters, are discussed below.
Discussion
This study has compared the effects of membrane polarization and ischaemia on various excitability properties of human motor axons. The main aim of the study was to document the changes induced by membrane polarization, to help interpretation of changes in excitability parameters found in neuropathies. The modest polarizing currents employed were expected to produce relatively pure changes in membrane potential, uncomplicated by changes in ion concentrations or densities of ion channels, and indeed all the changes in excitability parameters we have observed with polarizing currents are understandable in terms of expected changes in activation of voltage-dependent ion channels alone. Of course, such 'pure' changes in membrane potential could not easily arise in a neuropathy. For a nerve to be abnormally depolarized in the absence of an externally applied depolarizing current, there would have to be a defect in electrogenic pumping, a reduction in the ratio [K ϩ ] in /[K ϩ ] out , a lack of potassium channels, or some other changes in membrane properties to bring about depolarization. One example of how depolarization could arise in a neuropathy would be by inhibition of the sodium pump, which we have modelled here by inducing ischaemia with a pressure cuff. The results have both confirmed previous evidence that the main excitability changes induced can be attributed primarily to changes in membrane potential, and also produced a new finding, that subexcitability does not change as expected for a change in membrane potential alone.
Differences in late subexcitability
The long-lasting phase of subexcitability that follows the refractory and superexcitable periods in the recovery of excitability following a single impulse is due to activation of voltage-dependent slow K ϩ channels (G Ks ) at the nodes of Ranvier (Baker et al., 1987; Stys and Waxman, 1994; Bostock, 1995) . These channels take tens of milliseconds to activate or deactivate at the resting potential, but activation is much faster at the levels of depolarization reached during the action potential. Consequently a single action potential causes a step increase in activation which then normally outlasts the depolarizing afterpotential to produce the late hyperpolarization and hence subexcitability (Schwarz et al., 1995) . If an axon conducts a brief train of impulses, this late subexcitable period becomes accentuated, producing the H 1 phase of activity-dependent hypoexcitability (Bergmans, 1970; Taylor et al., 1992; Miller et al., 1996) . Slow K ϩ channels are activated by depolarization, but it has been estimated that 35% are open at rest, so that they contribute to the resting membrane potential (Bostock et al., 1991b; Schwarz et al., 1995) and resting input conductance (Grafe et al., 1994) . Since late subexcitability depends on hyperpolarization by current through slow K ϩ channels (I Ks ) exceeding or outlasting the depolarizing afterpotential, changes in subexcitability can reflect changes in I Ks or the depolarizing afterpotential or both. A further complication is that the depolarizing afterpotential contributes to prolonged activation of I Ks , so that a large depolarizing afterpotential tends to be followed by a longer lasting period of late subexcitability. Both types of interaction between superexcitability and subexcitability are in evidence in Figs  2D and 3D. Given this background information, how can we account for the different changes in late subexcitability on membrane polarization and during or after ischaemia?
Nodal slow K ϩ current (I Ks ) depends not only on the activation of G Ks , but also on the electrochemical gradient for K ϩ currents, i.e. the difference between the membrane potential and the potassium equilibrium potential (E m -E K ). The simplest explanation for the difference in I Ks between ischaemic and 'pure' membrane depolarization is that the changes in E K are different, specifically that ischaemic depolarization is in part due to extracellular K ϩ accumulation and depolarization of E K . Similarly, in the post-ischaemic state, the extracellular K ϩ concentration outside the nodal membrane is likely to undershoot its resting value because of the hyperactivity of the sodium pump (Bostock and Grafe, 1985) , so that the electrochemical gradient for K ϩ ions is maintained despite the hyperpolarization. Thus, the principle difference between the excitability changes occurring during and after ischaemia from those occurring during membrane depolarization and hyperpolarization is entirely consistent with the accepted mechanisms of ischaemic potential changes.
What is the best index of axonal membrane potential?
In this study, the parameter showing the highest sensitivity to applied currents, and therefore to changes in membrane potential, was superexcitability ( Table 1 ), in that superexcitability changed on average by 82% of its resting value per milliampere of applied current. Almost as sensitive were the resting current-threshold slope (71% increase), hyperpolarizing threshold electrotonus at 90-100 ms (71%), and subexcitability (70% increase). However, as an index of small changes in membrane potential, the most accurate single parameter should be depolarizing electrotonus at 90-100 ms. There is normally little variation in this parameter between subjects, or between recordings from the same subject on different occasions, and it has the highest correlation with polarizing current (r ϭ -0.92). The sensitivities of excitability parameters to applied currents can be converted to approximate sensitivities to changes in membrane potential, on the assumption that a mean (1 ms) resting threshold current of 3.14 mA would cause a passive membrane depolarization of 10-15 mV. A sensitivity of 82% per milliampere for superexcitability therefore corresponds roughly to a sensitivity of 21% per millivolt, whereas threshold itself, which changes by almost exactly 1 mA per milliampere of polarizing current, has a sensitivity corresponding to~8% per millivolt.
The comparative sensitivities of different excitability parameters to polarizing currents in Table 1 appear to conflict with the comparative 'voltage dependencies' reported previously for human cutaneous afferents by Burke et al. (1998) . They found that a depolarizing current that reduced threshold by 50% produced changes in 'refractoriness', 'supernormality' and τ SD corresponding to ϩ300, -150 and ϩ75% of their resting values, respectively. However, 'refractoriness', measured as the relative increase in threshold 2 ms after a supramaximal conditioning stimulus, cannot be compared with the relative refractory period. Also, in the earlier study the polarizing currents were not applied continuously, but started 10 ms before each test stimulus, so that there was insufficient time for the nerve (especially internodal membrane and slow K ϩ channels) to reach a steady state. Because of these methodological differences it is not possible to conclude that motor and sensory fibres differ in the relative sensitivities of different excitability parameters to changes in membrane potential.
Although single excitability parameters, such as supernormality or depolarizing threshold electrotonus at 90-100 ms, can provide a reliable index of membrane potential in normal motor axons, this cannot be assumed when testing diseased nerves. All the excitability parameters depend on factors, in addition to membrane potential, that could be altered in neuropathy. The strength of the multiple excitability protocol used in this study is that information from parameters that depend particularly on membrane potential and nodal sodium channels (e.g. τ SD , RRP) can be collated with information from parameters that depend more on membrane potential and internodal potassium channels (e.g. resting I/V slope). The best index of axonal membrane potential that can be obtained non-invasively is therefore likely to be some combination of different excitability parameters.
Relevance to clinical studies
Excitability studies are now being used to provide functional information about neurological disease. Thus, strengthduration time constants have been reported to be increased in some patients with acquired neuromyotonia and in amyotrophic lateral sclerosis Maddison et al., 1999) , altered threshold electrotonus responses have been described in amyotrophic lateral sclerosis and diabetic neuropathy Horn et al., 1996) , and reduced superexcitability has been reported in multiple sclerosis (Eisen et al., 1982; Shefner et al., 1992) .
With the probable exception of a reduction in I H in diabetic neuropathy, the interpretation of the abnormalities described in terms of membrane properties has been uncertain, but in most cases an alteration in membrane potential is probably involved. The data in the present study, defining the changes in a range of excitability properties that occur with changes in membrane potential, have provided the first clear map to guide the interpretation of these axonal abnormalities.
